Visual transduction in the compound eye of flies is a well-established model system for the study of G protein-coupled transduction pathways. Pivotal components of this signaling pathway, including the principal light-activated Ca 2؉ channel transient receptor potential, an eye-specific protein kinase C, and the norpAencoded phospholipase C␤, are assembled into a supramolecular signaling complex by the modular PDZ domain protein INAD. We have used immunoprecipitation assays to study the interaction of the heterotrimeric visual G protein with this INAD signaling complex.
Visual transduction in the compound eye of Drosophila depends on a sophisticated spatial organization of the signal transducing molecules that provides the molecular framework for the generation of highly time-resolved visual responses. In the phototransduction pathway, a G q protein is activated by a seven-transmembrane receptor, rhodopsin, upon stimulation with light (1) (2) (3) . Light activation also results in an elevation of the activity of a phospholipase C␤ (PLC␤) 1 and consequently generates the second messengers diacylglycerol and inositol 1,4,5-trisphosphate (3, 4) . The strongest argument for PLC␤ playing a central role in the activation process of the phototransduction cascade comes from the isolation of the norpA gene and the identification of its gene product as a PLC␤ (5, 6) . Because strong alleles of norpA result in the loss of any photoresponse (7, 8) , the presence of a functional, norpA-encoded PLC␤ seems to be mandatory for photoreception. We and others have recently shown that PLC␤ is assembled by the PDZ domain protein INAD into a signaling complex together with two other key proteins of phototransduction, the eye-specific protein kinase C and the major light-activated Ca 2ϩ channel TRP (9 -17) . This INAD signaling complex has been postulated to provide the core of a supramolecular transducisome that serves as the molecular entity for the generation of unitary visual responses (12, 18) . In addition to the core components of the signaling complex that are present in the complex at a 1:1 stoichiometry (10), other phototransduction proteins, namely, rhodopsin, calmodulin, a second ion channel (transient receptor potential-like (TRPL)), and the unconventional myosin NINAC, were shown to interact with INAD (13, 14, 19) . However, an interaction of the visual G protein with the INADassembled signaling complex has not yet been demonstrated. Given the crucial role of the G protein for this transduction pathway, we have now addressed this question, and we show that G␣ q binds to the complex upon activation only. Our data suggest that G␣ q functions as a shuttle that reports the light activation of rhodopsin to the INAD signaling complex more or less like a mobile switch that turns on a defined number of the light-activated ion channels that are clustered in the complex.
EXPERIMENTAL PROCEDURES
Fly Stocks-Male Calliphora vicina Meig., chalky mutant, were raised at 25°C in a 12-h light/12-h dark cycle and used for the experiments at an age of 8 -10 days post eclosion. The Drosophila fly strains were raised on a standard corn meal diet under a 12-h light/12-h dark cycle and used for the experiments within 48 h post eclosion. Drosophila norpA P24 mutant was provided by W. L. Pak (7) . Antibodies-Polyclonal antibodies directed against Calliphora G␤ e and G␥ e and Drosophila TRP were generated by immunizing rabbits with recombinantly expressed polypeptides as described previously (9, 10) . The peptides used to generate anti-G␥ e and anti-CvG␤ e antibodies comprised the entire coding region of CvG␥ e or amino acids 65-346 of CvG␤ e . 2 The anti-DmTRP antibody is directed against the C-terminal region (amino acids 906 -1275). The antibodies were affinity-purified using the respective antigen. The anti-DmG␣ q antibody was kindly provided by C. Zuker (20) ; the anti-CvINAD(272-542) antibody has been described previously (9) .
Immunoprecipitation-Rhabdomeral photoreceptor membranes of dark-adapted Calliphora were isolated as described previously (21) . For isolation of Drosophila head membranes, 250 heads were homogenized in 100 l of Buffer A (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 0.42 g/ml leupeptin, 0.83 g/ml pepstatin, and 0.83 g/ml aprotinin). The homogenate was centrifugated at 3,000 ϫ g to remove chitinous material. Membranes were isolated by centrifugation at 400,000 ϫ g for 30 min at 4°C.
Activation of G␣ q was performed either by using AlF 4 Ϫ (22) or by illuminating photoreceptor membranes in the presence of GTP␥S. For the activation by AlF 4 Ϫ , 0.1 volume of an AlF 4 Ϫ stock solution, which was prepared by mixing 100 mM NaF with 500 M AlCl 3 and incubating the mixture for 30 min at 20°C to generate stable AlF 4 Ϫ complexes, was added to rhabdomeral photoreceptor membranes from 15 Calliphora retinas in HBS buffer (10 mM HEPES, pH 6.8, 115 mM NaCl, 2 mM * This work was supported by Deutsche Forschungsgemeinschaft (Pa274/5-1). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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MgCl 2 , 2 mM KCl, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 0.42 g/ml leupeptin, 0.83 g/ml pepstatin, and 0.83 g/ml aprotinin) or to membranes of 250 Drosophila heads in HBS-plus buffer (HBS buffer with 10 mM MgCl 2, 1 mM EGTA, and 1 mM GDP). The sample was incubated in the dark for 5 min on ice (P-membranes). For light activation of the G protein, photoreceptor membranes of Calliphora 20 retinas were resuspended in HBS buffer containing 100 M GTP␥S. The samples were either illuminated with blue light (Schott BG12; light source, Schott KL1500) for 5 min on ice (M-membranes) or kept in the dark (P-membranes).
Proteins were extracted by adding 1 volume of a double concentrated Triton X-100 buffer (2% Triton X-100, 300 mM NaCl, 100 mM Tris-HCl, pH 8.0, 1 mM phenylmethylsulfonyl fluoride, 0.42 g/ml leupeptin, 0.83 g/ml pepstatin, and 0.83 g/ml aprotinin) containing either AlF 4 Ϫ (AlF 4 Ϫ -activated samples) or GTP␥S (light-activated samples), and insoluble material was sedimented by centrifugation at 100,000 ϫ g for 10 min at 4°C. Immunoprecipitation of the INAD signaling complex from extracts of Calliphora retinal membranes or Drosophila head membranes was performed with the anti-CvINAD(272-542) or the antiDmTRP antibody, respectively, as described previously (9, 10). The Triton X-100 washing buffer (0.1% Triton X-100, 100 mM NaCl, and 50 mM Tris-HCl, pH 8.0) used for washing immunoprecipitates of AlF 4 Ϫ or light-activated samples also contained AlF 4 Ϫ or GTP␥S, respectively. Precipitated proteins were eluted from protein A-agarose beads (BioRad) with 15 l of 1ϫ SDS-polyacrylamide gel electrophoresis buffer and subjected to SDS-polyacrylamide gel electrophoresis according to Laemmli (23) and Western blot analysis.
RESULTS
In the current models of invertebrate phototransduction (e.g. Ref. 24) , it is proposed that the ␣ subunit of the visual G protein activates phospholipase C␤, which is a member of the INAD signaling complex. To test this hypothesis, we activated the visual G protein of Calliphora or Drosophila photoreceptor membranes either by illuminating the membranes in the presence of GTP␥S with blue light, which photoconverts 70% rhodopsin (P) to metarhodopsin (M) (Ref. 21 ; Fig. 1 ), or by adding AlF 4 Ϫ , which activates G proteins independently of receptor activation (Ref. 22 ; Fig. 2 ). We then extracted the membrane proteins and investigated whether or not the ␣ or ␤␥ subunit co-immunoprecipitates with the INAD signaling complex. Analysis of the immunoprecipitates revealed that activated G␣ q binds to the signaling complex, regardless of whether activation was mediated by light activation of the receptor rhodopsin or independently of it (Figs. 1 and 2) . G␣ q is not associated with the signaling complex in its inactive state, i.e. when the isolated membranes were neither illuminated nor treated with AlF 4 Ϫ . G␤ e and G␥ e are not detected in the immunoprecipitates, indicating that the G␤␥ complex does not undergo high-affinity interactions with members of the signaling complex (Fig. 2) , although it has been reported that G␤ affects deactivation of the cascade downstream of the receptor (25) . These results provide the first evidence for a direct, light-dependent interaction of G␣ q with a component of the INAD signaling complex. To demonstrate that the target of G␣ q is indeed PLC␤ and none of the other members of the signaling complex, we investigated the binding of AlF 4 Ϫ -activated G␣ q to the INAD signaling complex in a Drosophila norpA mutant that lacks PLC␤ (Fig. 3) . The same amount of G␣ q is present in photoreceptor membranes of wild type flies and of the norpA mutant (Fig. 3, lanes 1 and 2) , but PLC␤ is absent in signaling complexes immunoprecipitated from norpA flies (Fig. 3, lane 5) . Activated G␣ q fails to bind to the INAD signaling complex of the norpA mutant (Fig. 3, lane 5) , indicating that the binding 
FIG. 2. AlF 4
Ϫ -activated G␣ q , but not the ␤␥ subunit, binds to the INAD signaling complex. Receptor-independent activation of the G protein was performed by treating rhabdomeral photoreceptor membranes of Calliphora with AlF 4 Ϫ as described under "Experimental Procedures." AlF 4 Ϫ -treated samples and controls were processed as described in the Fig. 1 legend. Extracted proteins (lanes 1 and 2) , immunoprecipitates obtained by precipitation with anti-CvINAD(272-542) (lanes 3 and 4) , and controls for the specificity of the immunoprecipitation (lanes 5 and 6) were probed for the presence of G␣ q , G␤ e , and G␥ e by Western blot analysis.
FIG. 3.
Phospholipase C␤ is the target of G␣ q binding. Membranes of Drosophila heads from wild type (wt) flies and norpA mutant were treated with AlF 4 Ϫ as indicated. Thereafter, proteins were extracted with Triton X-100 buffer, and the INAD signaling complex was immunoprecipitated with anti-DmTRP. Extracted proteins from wild type and norpA mutant (lanes 1 and 2, respectively) and immunoprecipitates (lanes 3-5) were analyzed as described in the Fig. 1 partner of activated G␣ q is PLC␤ and not another component of the signaling complex.
DISCUSSION
The visual G protein of Drosophila is closely related to the G␣ q class of G proteins that activate PLC␤ (26, 27) . Studies using transgenic flies that express different levels of G␣ q suggest that it functions as a molecular on-off switch reporting upstream activity induced by photon absorbance of rhodopsin (20) . G␣ q may exert this on-off switch function by interaction with PLC␤ molecules tethered to the signaling complex. In the present study, we demonstrate that photoconversion of rhodopsin (P) into the active metarhodopsin state (M) results in the binding of the activated G␣ q -GTP state to the signaling complex. If GTP hydrolysis on G␣ q is prevented by using the nonhydrolyzable analog GTP␥S, G␣ q assumes a conformation that undergoes a long-lasting, high-affinity interaction with the INAD signaling complex. We provide evidence that PLC␤ assembled into the INAD signaling complex is in fact the target of G␣ q . This is demonstrated by our results showing that signaling complexes of a Drosophila mutant that lacks norpA-encoded PLC␤ do not bind light-activated G␣ q . Our studies on the AlF 4 Ϫ -activated G␣ q state, which mimics a pentavalent intermediate for GTP hydrolysis (28) , reveal that this high-affinity interaction with INAD-linked PLC␤ still persists after transformation of G␣ q to the transition state conformation just before GTP hydrolysis occurs. Thus, each activated G␣ q molecule interacts with its target enzyme PLC␤ only once before it becomes inactivated by GTP hydrolysis. Our conclusion is in line with reports demonstrating that PLC␤ has the ability to inactivate the G protein by increasing the intrinsic GTPase activity by Ͼ100-fold (29, 30) . It is also in line with the proposed function of Drosophila G␣ q as a molecular switch that does not contribute to signal amplification (20) .
The current evidence for the macromolecular organization of the Drosophila phototransduction pathway suggests that the majority of the proteins are restricted in their free interaction. Rhodopsin, which is the major protein present in the membrane, appears to form an almost paracrystalline structure (31, 32) , whereas other signaling proteins are preassembled into supramolecular complexes. In the scheme depicted in Fig. 4 , it is indicated that the ␣ subunit of the activated visual G protein acts as a shuttle between activated rhodopsin and the INAD signaling complex. Although it has been reported that rhodopsin may interact directly with the signaling complex (13, 14), we do not consider it likely that the majority of rhodopsin molecules are permanently associated with the signaling complex. We have previously found that the membrane harbors at least 40 times as many rhodopsin molecules as signaling core complexes (10) . However, the visual signal has to be transmitted from light-activated rhodopsin to the ion channels of the signaling complex. The G protein and the second messenger molecules generated in the course of phototransduction appear to be the prime candidates for components capable of transporting the visual signal across spatial distances. This is underscored by our current finding showing that G␣ q binds to the signaling complex with high affinity only in an activated form. In contrast to the proposal that virtually the entire phototransduction apparatus is organized in a "signaling web" through multiple interactions with INAD (33) , the model presented here addresses the function of a shuttle reporting the lightactivated signal from one of hundreds of rhodopsin molecules to the signaling complex. In this scenario, an excess number of light receptors that are densely packed in the photoreceptor membrane would provide the lattice for a high light absorption probability. After interaction with the active metarhodopsin form and GDP-GTP nucleotide exchange, G␣ q -GTP released from G␤␥ would transfer the activation signal to PLC␤ tethered to the INAD signaling complex. It follows from the spatial organization provided by the INAD signaling complex that activated PLC␤ linked to the INAD complex will liberate the messengers diacylglycerol and inositol 1,4,5-trisphosphate from phosphatidylinositol bisphosphate in the vicinity of the complex. This PLC␤ activity may generate an activated membrane patch with a spatially restricted increase in intracellular transmitter concentration that finally results in the coordinated gating of TRP channels sequestered to this microdomain. A highly localized formation of intracellular transmitters that activate phototransduction might explain the inability to unequivocally demonstrate light-independent activation of the cascade by exogenous application of putative transmitters, whereas activation of the visual G protein by AlF 4 Ϫ excites the photoreceptors in the dark (34, 35) . (14, 18) and may bind additional photoreceptor proteins, for example, calmodulin and the unconventional myosin NINAC (13, 19) . On the left side of the scheme, a light-activated rhodopsin molecule (metarhodopsin) interacts with the visual G protein, which results in the dissociation of G␣␤␥ e in G␣ q -GTP and G␤␥ e . As the next step in the transduction cascade, the activated G␣ q subunit diffuses to perform its on-switch function and interacts with PLC␤, thereby transmitting the visual signal from rhodopsin to the PDZ domain assembled INAD signaling complex (right side of the scheme). Once bound, G␣ q remains transiently associated with the same core complex until it is inactivated by GTP-hydrolysis through its intrinsic GTPase activity (off-switch function). Diacylglycerol produced by PLC␤ may perform a control function within the core complex by activating eye-specific protein kinase C-dependent phosphorylation of the complex (36) . Spatially restricted expansion of the activation signal to other associated core complexes, indicated as an "activated patch" of the lipid bilayer around the G␣ q -activated signaling complex in dark gray, may result from the diffusion of the second messengers diacylglycerol (or its fatty acid derivates) and inositol 1,4,5-trisphosphate, which are generated by PLC␤.
